INTRODUCTION
Despite the importance of nutrition to health, immune function, and reproduction, there have been relatively few studies on the mineral requirements of freeranging white-tailed deer (Odocoileus virginianus; Ullrey et al., 1981; King et al., 1984; Schultz et al., 1994; McDowell et al., 1995; Wolf et al., 2008; Zimmerman et al., 2008) . Parasitism/malnutrition syndrome occurs in high-density deer populations because of enhanced transmission of certain pathogens and increased disease-related morbidity and mortality. Furthermore, increased physiologic stress from nutritional deficiencies increases susceptibility to disease because of immunosuppression (Davidson and Doster, 1997) . Regional variations in the inherent nutritional quality of habitats because of topography, soils, and climate predispose deer in certain locales to nutritional stresses that are largely independent of the traditional concept of decreased nutritional status from overbrowsing (Davidson and Doster, 1997) . Consequently, mineral deficiencies may play an important role in the development of parasitism/ malnutrition syndrome. During September 2005 to February 2007, the Virginia Department of Game and Inland Fisheries (VDGIF) investigated several cases of presumptive parasitism/malnutrition syndrome from a high-density deer herd in northern Virginia, USA. To investigate the potential contribution of mineral deficiencies or excesses in the etiology of these cases of emaciation and chronic diarrhea, we analyzed hepatic mineral values in several affected deer as part of a comprehensive diagnostic investigation. In addition, we opportunistically analyzed hepatic mineral values in apparently healthy deer from sites near to where the cases had been detected as well as at a distant site, where no clinically affected deer had been reported.
The goals of this study were to determine the possible role of mineral deficiency or excess in the etiology of the observed cases of emaciation and chronic diarrhea, as well as to contribute to increasing the information available on baseline mineral values in free-ranging white-tailed deer.
MATERIALS AND METHODS

Field sites
During September 2005 to February 2007, 22 deer from Fairfax (38u519N, 277u229W), Fauquier (38u289N, 277u459W), Loudoun (39u519N, 277u339W), and Prince William (38u459N, 277u289W) counties, Virginia, USA, with clinical signs of emaciation and chronic diarrhea were collected and diagnostically evaluated. These counties are located in the northern Piedmont physiographic region of Virginia, USA (Frye, 1986) (Frye, 1986) . This rural county has similar habitats and species composition as northern Virginia, USA, except it lacks the significant human development and population densities. All deer were collected using cervical gunshot, which is an agency-approved method of euthanasia; gender was determined and deer age was determined by examination of the dentition using standard methods (Severinghaus, 1949) .
Sample processing and analysis
All liver samples were collected within 1 hr of death, wrapped in aluminum foil, placed inside individual sterile plastic bags (WhirlPak, TM Fisher Scientific, Suwanee, Georgia, USA), and frozen at 220 C until analysis. Samples were shipped frozen to the New Bolton Center Toxicology Laboratory (University of Pennsylvania, School of Veterinary Medicine, Kennett Square, Pennsylvania, USA) for analysis. Samples were analyzed for calcium (Ca), cobalt (Co), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), molybdenum (Mo), and zinc (Zn) by inductively coupled plasma mass spectrometry (Elan 6100 ICP-MS, Perkin Elmer, Shelton, Connecticut, USA). After overnight digestion with 70% nitric acid at 70 C, sample digests were diluted with 18-MV-cm resistivity double-deionized water to a final volume of 10 ml after addition of four internal standards ( 74 Gc, 115 In, 89 Y, 159 Tb). Before analysis, a standard curve was generated, and a standard reference material (1577B bovine liver), with certified mineral values from the National Institute of Standards and Technology, was analyzed.
Selenium values were also determined by hydride generation atomic absorption spectrometry (Hg-AAS, AAnalyst 800, FIAS 400, Perkin Elmer). Samples were first digested with 20% (weight/volume) Mg(NO 3 ) 2 in HNO 3 at low temperature on a hot plate until dry and were then placed in a muffle furnace at 500 C for 1 hr. The residues were treated with 8.0 ml of concentrated HCl and placed onto a hot plate at low temperature to facilitate the residue going into solution. The resulting solutions were transferred into a 25-ml volumetric flask and the volume was adjusted with 18-MV-cm resistivity double-ionized water. Each sample digest was introduced into a HG gas-liquid separator via an autosampler and a peristaltic pump delivery system by the addition of HCl and NaBH 4 . The reaction generated hydrogen selenide that was then introduced into an absorption quartz gel with argon gas. Before analysis, a standard curve was generated, and a standard reference material (DORM-2, dogfish muscle), with certified mineral values from the National Institute of Standards and Technology, was analyzed. All final concentrations were reported in micrograms per gram on a wet-weight basis.
Statistical analysis
All data were entered into Excel spreadsheets (Microsoft Excel 2003, Redmond, Washington, USA) and coded as necessary. Wilcoxon rank tests for nonnormally distributed data were performed on the data to determine whether significant differences for the mineral levels existed between healthy deer at different geographic locations, between adult deer (defined as deer .1 yr old) and fawns (defined as deer ,1 yr old), between male and female deer, and based on health status, that is sick (defined as emaciated deer with chronic diarrhea) versus healthy deer. For comparisons between geographic location, data for healthy deer from Fairfax, Fauquier, Loudoun, and Prince William counties were combined into a single ''northern Virginia, USA,'' group. For comparisons between age, sex, and health status, data from Fort Pickett, Nottoway County, Virginia, USA, were excluded. All analyses were performed using SAS statistical package (SAS version 9.1.3, Cary, North Carolina, USA). Significance was set at P#0.05.
RESULTS
Deer from northern Virginia, USA, with emaciation and chronic diarrhea (sick) had significantly higher mean hepatic levels of Mg (P50.002) and Zn (P,0.001) compared with healthy deer from the same region (Table 1 .) Healthy deer from northern Virginia, USA (i.e., Fairfax, Fauquier, Loudoun, and Prince William counties) had significantly lower mean hepatic Se levels compared with deer from Nottoway County (P,0.001). Deer from northern Virginia, USA, also had significantly lower mean hepatic Co (P50.001), Cu (P,0.001), and Mo levels (P50.006). Adult deer had significantly higher mean levels of hepatic Fe compared with fawns (P50.03). In addition, male deer had significantly higher mean hepatic Co levels compared with female deer (P50.03). All other comparisons were not significantly different.
DISCUSSION
Our results for Ca, Co, Fe, Mg, Mn, and Mo were within the previously published ranges for white-tailed deer (Schultz et al., 1994; Zimmerman et al., 2008) . Although there were statistically significant differences between Co and Mo levels by geographic region, these differences were probably not clinically significant because the mean values were all within previously published reference ranges. This is probably also true for the significant difference between Mg levels of sick and healthy deer as well as the difference between Co levels of male and female deer.
Hepatic Fe levels were significantly lower in fawns compared with adults; however, the mean6SD value for fawns was only slightly lower than the minimum value of previously published reference ranges (118.7638.9 mg/g versus 123.3 mg/ g; Schultz et al., 1994) . Young animals have minimal Fe stores, and milk contains very little Fe (Merck Veterinary Manual, 2005) , which probably explains the lower Fe levels found in fawns, and consequently, these findings probably do not represent a clinical deficiency.
The most clinically significant difference found for trace mineral values between sick and healthy deer from northern Virginia, USA, was the significantly higher Zn found in sick deer. The mean6SD Zn level in sick deer was higher than previously published maximum reference ranges for healthy white-tailed deer (78.7654.9 mg/g versus 41.2 mg/g [Schultz et al., 1994] and 50.1 mg/g [Zimmerman et al., 2008] ) and within the reference range reported for deer with Zn toxicosis (estimated as 59.3 mg/g to 122.7 mg/g wet weight; Sileo and Beyer, 1985) . One sick deer in our study had Zn levels (247 mg/g) higher than those found in deer with Zn toxicosis (Sileo and Beyer, 1985) ; however, comparison between the two studies was complicated because Sileo and Beyer (1985) reported results in dry weight, and our results were in wet weight. For the purposes of comparison, we assumed that wet weight value was equal to dry weight value divided by three (Puls, 1994 (Sileo and Beyer, 1985) . None of the sick deer examined had gross or histopathologic lesions consistent with Zn poisoning, including the deer with the highest Zn level (VDGIF, unpubl. data). Consequently, the reasons for the significantly higher Zn levels in sick deer from northern Virginia, USA, as well as the role of Zn in the etiology of the observed cases of emaciation and chronic diarrhea are unknown. Potential dietary sources of Zn for northern Virginia, USA, deer, as well as its potential role in the observed syndrome, may warrant further investigation. Healthy deer in our study from northern Virginia, USA, had significantly lower mean6SD hepatic Cu levels compared with deer from Nottoway County (27.4618.3 mg/g versus 61.9629.1 mg/g), and was lower than the previously reported range of values (62.1 mg/g to 85.9 mg/g wet weight; Schultz et al., 1994; Zimmerman et al., 2008) . Copper deficiency in ruminants may result from inadequate dietary intake, or interactions of Cu with Zn, Fe, Mo, and sulfide that reduce absorption of Cu or interfere with metabolic processes (Suttle, 1991) . Copper deficiency has been reported in various wild cervid populations (Gogan et al., 1989; O'Hara et al., 2001; Johnson et al., 2007) . Subclinical Cu deficiency may result in marginal signs of poor health and result in morbidity and mortality from other opportunistic factors, such as secondary infections, predation, and weather events (O'Hara et al., 2001 ). More overt signs of Cu deficiency include diarrhea, emaciation, enteritis, alopecia, sudden heart failure, and convulsions (Puls, 1994) . In addition, white-tailed deer from Texas, USA, with mean liver Cu levels of 16.7 mg/ g wet weight had stunted and twisted antlers (King et al., 1984) . Copper deficiency does not appear to be the cause of the syndrome observed in this study because there was no significant difference in Cu levels between sick and healthy deer from northern Virginia, USA. As noted earlier, excessive Zn can result in secondary Cu deficiency, but this is unlikely to be the cause of the low Cu levels because increased Zn was only observed in sick deer from northern Virginia, USA, whereas low Cu was observed in both sick and healthy deer from northern Virginia, USA. The reasons for the significantly lower, and potentially marginal, Cu levels in deer from northern Virginia, USA, is unknown but warrants further investigation focusing in particular on potential dietary deficiencies.
Healthy deer in our study from northern Virginia, USA, had significantly lower mean6SD Se levels compared with deer from Nottoway County (0.0860.03 mg/g versus 0.5260.18 mg/g), levels that were considerably lower than previously reported mean values (estimated as 0.23 mg/g [McDowell et al., 1995] and 0.81 mg/g [Zimmerman et al., 2008] wet weight) and that were low enough to be considered deficient. Based on these data, deer from northern Virginia, USA, appear to have an Se deficiency that is potentially, clinically significant. Selenium is an essential trace element for animal nutrition (Ohlendorf, 1996) . One of the main functions of this element is as a component of the enzyme glutathione peroxidase, which, with vitamin E, protects against oxidation of cell membranes. Deficiency will result in degeneration of cardiac and skeletal muscle fibers, causing white muscle disease, immunosuppression (Arthur et al., 2003) , and reduced reproductive success (Combs and Combs, 1986) . In addition, Se deficiency has been shown to have a negative effect on preweaning fawn survival in wild black-tailed deer (Odocoileus hemionus columbianus; Flueck, 1994) . Low-Se forage content is the most likely explanation for the apparent deficiencies in deer from northern Virginia, USA, (McDowell et al., 1995) because our findings are consistent with the known distribution of Se-deficient soils (Ihnat, 1989 ). The mean6SD hepatic Se level was also lower than published data from white-tailed deer from Florida, USA, another region with known Se-deficient soils and forage (0.0860.03 mg/g versus estimated 0.23 mg/g wet weight; McDowell et al., 1995) . However, the role of Se deficiency in the etiology of the observed syndrome is unknown because there was no significant difference between Se levels in sick and healthy deer from northern Virginia, USA, and no clinical or histopathologic findings consistent with Se deficiency were observed (VDGIF, unpubl. data) . Further studies investigating glutathione peroxidase activity in deer with low-Se levels, as well as measuring concurrent vitamin E levels, may help elucidate whether the observed low-Se levels are clinically significant for this deer population. It is also worth noting that Se is commonly deficient during an ongoing Cu deficiency (O'Hara et al., 2001) .
The emaciation and chronic diarrhea observed in the sick deer from northern Virginia, USA, is consistent with a diagnosis of parasitism/malnutrition syndrome (Davidson and Doster, 1997) . Parasitism/ malnutrition syndrome occurs in highdensity deer populations because of enhanced transmission of certain pathogens and increased disease-related morbidity and mortality. Furthermore, increased physiologic stress from nutritional deficiencies increases susceptibility to disease because of immunosuppression (Davidson and Doster, 1997) . Based on population reconstruction data, northern Virginia, USA, in particular Loudoun County, has some of the highest deer densities in Virginia, USA, with estimates of 15-23 deer/km 2 , compared with the state average of 10 deer/km 2 (VDGIF, unpubl. data). In addition, many of the sick deer sampled in this study were also heavily parasitized (VDGIF, unpubl. data). Malnutrition and parasitism can have synergistic negative effects on deer health, and it is possible that the nutritional carrying capacity of this region of Virginia, USA, is lower compared with other regions and may have contributed to the development of the observed syndrome. Regional variations in the inherent nutritional quality of habitats because of topography, soils, and climate predispose deer in certain locales to nutritional stresses that can be largely independent of the traditional concept of decreased nutritional status from overbrowsing (Davidson and Doster, 1997) . Consequently, this population of deer may be prone to development of parasitism/ malnutrition syndrome because of nutritional stress from trace mineral deficiencies, especially when at high densities, although the possibility that the nutritional deficiencies observed in the sick deer in our study are secondary to other disease processes needs to be considered. As noted earlier, the study area is in a region undergoing rapid human development with the conversion of rural areas to urban and suburban landscapes, which may be an additional stressor.
In conclusion, deer from northern Virginia, USA, appear to have marginal or deficient levels of Cu and Se, which may be predisposing this population to the development of parasitism/malnutrition syndrome. Further research is needed to determine whether these hepatic mineral levels are due to diet, habitat selection, feeding strategies, individual variation (Zimmerman et al., 2008) , or other factors, such as exposure to heavy metal contaminants or other anthropogenic manipulations of the ecosystem that could alter Se bioavailability, such as soil acidification from acid precipitation, biomass removal, and the use of plant fertilizers (Flueck, 1994) .
